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 Epigenetic control of Genes and Genomes in Cancer 

Choi	  and	  Lee	  (2013)	  Genomics	  Inform.	  11,	  164-‐173	  

 
 How do Epigenetic Changes impact on Gene 
Expression and Genome Integrity in Cancer? 

•	  Allow	  gene	  expression	  pa0erns	  to	  be	  reprogrammed	  	  
Leading	  to	  changes	  in	  cell	  idenAty,	  	  

cell	  behavior	  (invasion,	  migraAon),	  generaAng	  cell	  diversity	  
	  

•	  Induce	  muta8ons	  
Impact	  on	  DNA	  repair	  

Repeat	  mobility	  
	  

•	  Ac8vate	  oncogenes,	  silence	  tumor	  suppressors	  
EpimutaAons	  –	  somaAc	  and	  consituAonal	  

	  

EpigeneAc	  silencing	  is	  more	  frequent	  that	  
mutaAons	  in	  cancer	  cells.	  	  
In	  cancer	  cells,	  hundreds	  to	  thousands	  of	  
genes	  are	  hypermethylated	  (DNA	  
methylaAon),	  histone	  codes	  at	  more	  than	  
thousands	  of	  genes	  are	  aberrantly	  modified	  via	  
histone	  modificaAons	  or	  histone	  variant	  
composiAons	  while	  tens	  of	  genes	  are	  affected	  
by	  mutaAons.	  	  
Both	  epigeneAc	  silencing	  and	  inacAvaAng	  
mutaAons	  or	  deleAons	  result	  in	  gene	  
inacAvaAon.	  
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Influence of Epigenetic Changes on Gene Expression and 

Genome stability in Cancer? 

Can	  epigene8c	  changes	  in	  genes,	  regulatory	  regions,	  
repeats	  actually	  par8cipate	  in	  cancer?	  
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 Aberrant Gene Expression by Mistargeting of Epigenetic 

Modifiers in Cancer 

hRp://atlasgeneAcsoncology.org/Anomalies/
t0211q37q23ANLLID1457.html	  

Chromosome	  transloca8ons	  can	  produce	  oncogenic	  fusion	  proteins	  involving	  
chroma8n	  modifers	  such	  as	  MLL	  (Trithorax	  group	  protein)	  



In	  Drosophila	  studies	  show	  that	  several	  PcG	  and	  trxG	  components	  are	  
required	  throughout	  development	  to	  maintain	  target	  gene	  acAvity.	  

hRp://
www.lookfo
rdiagnosis.c

om/
mesh_info.

php?
term=Polyc
omb-‐Group
+Proteins

=1#	  

AcAve	  and	  inacAve	  states	  of	  genes	  expression	  established	  by	  
transcripAon	  factors	  are	  maintained	  during	  cellular	  differenAaAon	  
by	  Polycomb	  (PcG)	  and	  trithorax	  (trxG)	  over	  mulAple	  cell	  divisions	  

Maintenance	  of	  cell	  idenAty	  
FacultaAve	  heterochromaAn	  

Stem	  cell	  plasAcity	  	  

DisrupAon	  in	  development	  =>	  	  
homeo8c	  transforma8ons,	  

germ	  line	  defect	  
DisrupAon	  in	  adults	  	  =>	  	  

stem	  cell	  defects,	  cancer…	  

hRp://
www.lookfordiagnosis
.com/mesh_info.php?
term=Polycomb-‐
Group+Proteins =1#	  

H3K4me3	  

H3K27me3	  
H2AK119ub	  
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 Aberrant Gene Expression by Mistargeting of Epigenetic 

Modifiers in Cancer 
The	  mixed	  lineage	  leukemia	  (MLL)	  gene:	  
	  
•	  KMT2A	  is	  frequently	  rearranged	  in	  acute	  myeloid	  &	  lymphoblasAc	  leukemias	  in	  adults	  and	  childrend	  (poor	  prognosis)	  
•	  Many	  types	  of	  	  leukemogenic	  MLL	  rearrangements	  (chromosomal	  translocaAons,	  parAal	  tandem	  duplicaAons	  of	  internal	  
coding	  regions).	  
•	  MLL	  encodes	  a	  Trithorax	  complex	  histone	  methyltransferase	  (HMT)	  implicated	  in	  epigeneAc	  regulaAon	  of	  transcripAon	  	  
•	  CriAcal	  for	  normal	  embryonic	  development	  and	  hematopoiesis	  (see	  COURS	  2015)	  
•	  Amongst	  target	  genes	  of	  MLL	  transcripAonal	  regulaAon	  are	  HOX	  genes,	  which	  themselves	  are	  implicated	  in	  the	  
malignant	  transformaAon	  of	  hematopoieAc	  progenitors.	  
•	  Chromosomal	  translocaAons	  fuse	  the	  amino-‐terminal	  part	  of	  MLL	  in-‐frame	  to	  one	  of	  more	  than	  50	  partner	  proteins	  
•	  KMT2	  genes	  are	  frequently	  mutated,	  in	  a	  broad	  range	  of	  cancers	  in	  addiAon	  to	  haematological	  malignancies	  	  
	  

	  	   • Normal KMT2A function via its histone H3 
lysine 4 (H3K4) methyltransferase activity in 
transcription initiation 
  
•KMT2A fusion proteins function to recruit 
transcription cofactors such as menin, DOT1L, 
positive transcription elongation factor-b 
(P‑TEFb), LEDGF (lens epithelium-derived 
growth factor and chromobox homologue 8 
(CBX8)–TIP60 (Tat-interacting protein 60) to 
promote transcription elongation.  
 
• Small molecules targeting each of these steps 
(shown in boxes) have shown efficacies in MLL 
cell lines and represent potential therapeutic 
strategies 
 
 
 
 

Rao	  and	  Dou	  Nat	  Rev	  Cancer	  2015	  
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Rao	  and	  Dou	  Nat	  Rev	  Cancer	  2015	  

Numerous	  chromaAn	  factors	  found	  to	  
associate	  with	  “illegiAmate”	  partners	  to	  
drive	  cancer	  –	  not	  necessarily	  via	  fusion	  

proteins	  –	  and	  are	  thus	  taken	  to	  the	  wrong	  
place	  at	  the	  wrong	  Ame…	  	  
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Influence of Epigenetic Changes on Gene Expression and 

Genome stability in Cancer? 

Can	  epigene8c	  changes	  or	  states	  par8cipate	  in	  
muta8on	  genera8on	  in	  cancer?	  
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Aberrant	  Nuclear	  architecture	  in	  cancer	  –	  euchromaAn/heterochromaAn	  -‐	  	  classic	  
observaAons	  (coursV	  2015	  p2)	  	  

Normal	  cells	  

Basal-‐like	  breast	  
cancer	  cells	  

DAPI	  XIST	  RNA	  

Chaligné	  and	  Heard,	  EpigeneAc	  defects	  in	  cancer	  (2014)	  
Medicographia.	  2014;36:293-‐299	  
	  

Heterochroma8n	  is	  more	  prone	  to	  muta8on	  than	  euchroma8n:	  
Repeat	  element	  environment?	  
ReplicaAon	  Aming?	  
Accessibility	  to	  DNA	  Repair	  machinery?	  	  
Exposure	  to	  different	  environments	  in	  nucleoplasm?	  

Chromatin organisation influences mutation rates in cancer
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The	  Sex	  Chroma8n	  in	  Human	  Malignant	  Tissues	  
K.	  L.	  Moore	  and	  M.	  L.	  Barr,	  1957	  

Normal	  cells	  

Basal-‐like	  breast	  
cancer	  cells	  

DA
PI	  

XIST	  
RNA	  

Chaligné	  and	  Heard,	  EpigeneAc	  defects	  in	  cancer	  (2014)	  
Medicographia.	  2014;36:293-‐299	  
	  

Chromatin organisation influences both mutationand 
epimutation rates in cancer
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 Impact of DNA Methylation on Genes and Genomes 

•	  DNA	  methylaAon	  can	  lead	  to	  DNA	  sequence	  mutaAons	  
•	  It	  can	  also	  influence	  gene	  and	  repeat	  element	  expression	  and	  this	  in	  turn	  

can	  lead	  to	  mutaAon	  and	  geneAc	  instability…	  
	  

Epigene8c	  changes	  can	  influence	  the	  rates	  at	  which	  muta8ons	  appear	  and	  
the	  rates	  at	  which	  they	  are	  repaired	  

	  
	  



What	  does	  it	  do	  there?	  
-‐  Prevent	  binding	  of	  factors	  (CTCF,	  transcripAon	  machinery,	  some	  repressive	  complexes…?)	  

-‐  Facilitate	  recruitment	  of	  factors	  (MBD	  proteins,	  co-‐repressor	  complexes…?)	  
-‐  Accompany	  transcripAon	  (gene	  bodies)	  

Where is DNA Methylation in the genome? 

Reviewed by Hackett J. and Surani, A. “DNA Methylation dynamics during the mammalian life cycle” 
Phil.Trans. Of the Royal Soc. (2013) 

Eg 5’ ends of genes on the Xi 

E. Heard, 2016 
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 Altered DNA Methylation patterns in Cancer 
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 Altered DNA Methylation patterns in Cancer 

An	  example?	  

Partially Methylated Domains (PMDs) are pervasive in tumors.  
TCGA Whole Genome Bisulfite Sequencing (WGBS) data for 31 samples. A representative 25 Mb region on chr16 shows that almost every 
tumor has significant methylation loss corresponding to regions of nuclear lamina attachment (Guelen et al., 2008), Hi-C heterochromatin 
nuclear territory (ENCODE), and late replication domains (Repli-Seq data from ENCODE). PMD regions have a median length of about 1Mb 
and span 40-50% of the genome in each tumor. Adjacent epithelial tissues from 6 of these cases show universally high methylation. 
Illustration at bottom shows heterochromatic regions of the genome associated with silencing proteins and the nuclear lamina (gray). Credit: 
Ben Berman, Huy Dinh (Berman lab), and Peter Laird. 

Courtesy	  of	  Peter	  Jones	  

•	  Frequent	  global	  loss	  of	  5mC	  (based	  on	  HPLC	  measures	  of	  DNA	  digested	  to	  mononucleoAdes)	  
•	  Long	  parAally	  methylated	  domains	  (PMDs)	  (Berman	  et	  al,	  2012)	  
•	  Loss	  of	  DNAme	  correlates	  with	  increase	  of	  repressive	  chromaAn	  (large	  organised	  chromaAn	  K9	  regions	  -‐	  
LOCKs)	  (Hansen	  et	  al	  2012)	  that	  coincide	  with	  LADs	  
•	  Coordinated	  genomic	  blocks	  of	  repressed	  (LRES)	  or	  acAve	  (LREA)	  (Clark,	  2007;	  Stransky,	  Vallot	  2006	  )	  
•	  Some	  cancers	  show	  a	  CpG	  island	  methylator	  phenotype	  (CIMP)	  (Toyota	  et	  al.,	  1999)	  –	  linked	  to	  IDH1	  
mutaAons	  (Turcan	  et	  al	  2012)	  
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 Altered DNA Methylation patterns in Cancer 

Levels	  of	  hypomethylaAon	  vary	  widely	  both	  
within	  and	  between	  cancer	  types.	  HypomethylaAon	  relaAve	  
to	  “normal”	  Assue	  has	  been	  observed	  in	  a	  range	  of	  solid	  
tumors.	  A	  primary	  example	  is	  colorectal	  cancer	  where	  an	  
average	  reducAon	  of	  10–30%	  total	  methylaAon	  levels	  is	  seen	  
and	  precancerous	  adenomas	  can	  show	  a	  significant	  
reducAon	  in	  methylcytosine	  content.	  	  
	  
Among	  solid	  tumors,	  hypomethylaAon	  is	  most	  evident	  in	  
breast	  cancers	  with	  reducAon	  of	  up	  to	  50%	  in	  5	  meC	  
content.	  	  
	  
Haematological	  malignancies,	  hypomethylaAon	  has	  been	  
reported	  for	  chronic	  lymphocyAc	  leukaemia	  (CLL)	  while	  
only	  small	  or	  no	  changes	  in	  overall	  DNA	  methylaAon	  was	  
reported	  for	  CML,	  AML	  and	  mulAple	  myeloma.	  
	  
(ii)	  Global	  hypomethylaAon	  appears	  to	  be	  an	  early	  event	  for	  
colon	  and	  breast	  cancer	  as	  well	  as	  CLL.	  For	  colon	  cancer	  
hypomethylaAon	  can	  also	  be	  observed	  in	  the	  healthy	  
Assue	  adjacent	  to	  these	  tumors	  suggesAng	  a	  role	  in	  the	  
iniAaAon	  of	  disease	  [41,42].	  
	  
(iii)	  For	  other	  cancers,	  e.g.	  hepatocellular	  carcinoma	  [43],	  
degree	  of	  hypomethylaAon	  increases	  with	  stage	  or	  
histological	  grade.	  	  
=>	  RelaAve	  Aming	  of	  global	  demethylaAon	  and	  its	  role	  
during	  cancer	  iniAaAon	  and	  progression	  may	  differ	  between	  
cancer	  types.	  
	  
(iv)	  See	  a	  significant	  overlap	  in	  the	  levels	  of	  methylaAon	  of	  
normal	  and	  cancerous	  Assues.	  	  Consequently	  while	  a	  loss	  of	  
methylaAon	  is	  commonly	  associated	  with	  cancer	  
development	  or	  progression,	  a	  criAcal	  level	  of	  
demethylaAon	  is	  not	  associated	  with	  a	  parAcular	  stage	  of	  
disease.	  However,	  itmay	  not	  be	  the	  total	  methylaAon	  levels	  
but	  where	  the	  
hypomethylaAon	  is	  focussed	  in	  the	  genome	  and	  what	  
genes	  are	  affected	  that	  may	  be	  of	  importance.	  

The	  majority	  of	  methylated	  CpG	  dinucleoAdes	  are	  in	  fact	  found	  within	  repeAAve	  
elements,	  comprising	  approximately	  45%	  of	  the	  human	  genome.	  	  

DNA	  methylaAon	  is	  believed	  to	  be	  an	  essenAal	  mechanism	  in	  silencing	  the	  transcripAon	  
of	  these	  elements	  to	  prevent	  their	  movement	  and	  expansion	  throughout	  the	  genome	  

[Bourc’his	  and	  Bestor,	  2007]	  
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Baylin	  and	  Bestor,	  2002,	  Cancer	  Cell	  1:299-‐305.	  

Drivers	  or	  passengers?	  

Courtesy	  of	  Peter	  Jones	  



•  DNMT1	  preferen8ally	  methylates	  hemimethylated	  DNA	  	  
•  DNMT3A/3B	  show	  equal	  preference	  for	  hemimethylated	  and	  unmethylated	  DNA	  
•  DNMT3L	  s8mulates	  DNMT3A/3B	  ac8vity	  in	  ES	  cells	  

Jones P.A. et. al. 2009. Nat Rev Genet.  

DNA Methyltransferases:  
Orchestrators of DNA Methylation 

E. Heard, 2016 

TETs

Passive	  loss	  
(no	  DNMT1)	  

AcAve	  loss	  



Rudolph	  Jaenisch	  
(Whitehead	  InsAtute,	  USA)	  
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 Inducing DNA Hypomethylation can lead to Cancer 

Fig.2.	  Dnmt1	  hypomorphs	  are	  runted	  and	  develop	  T	  cell	  
lymphomas.	  (A)	  Average	  weight	  of	  Dnmt1chip/	  (n	  	  20)	  and	  
Dnmt1chip/–	  (n	  	  20)	  male	  liRermates	  at	  birth	  (inset).	  
Dnmt1chip/–	  mice	  were	  66%	  as	  large	  as	  Dnmt1chip/	  mice.	  
Females	  showed	  the	  same	  runt	  phenotype.	  The	  error	  bar	  
indicates	  1	  SD,	  p	  	  0.0001	  (Student	  t	  test,	  StatView	  5.0.1	  
so}ware).	  Also	  shown	  are	  growth	  curves	  of	  Dnmt1chip/chip,	  
Dnmt1chip/–,	  and	  wild-‐type	  male	  mice.	  Six	  to	  10	  mice	  of	  each	  
genotype	  were	  used	  for	  each	  data	  point.	  (B)	  CumulaAve	  
survival	  of	  Dnmt1chip/–	  mice.	  Most	  Dnmt1chip/–	  mice	  became	  
terminally	  ill	  between	  4and	  8	  months	  of	  age.	  Control	  mice	  
were	  Dnmt1chip/chip	  (n	  	  18);	  experimental	  mice	  were	  
Dnmt1chip/–	  (n	  	  33).	  Mice	  were	  autopsied	  when	  visibly	  ill.	  At	  
autopsy,	  23	  of	  33	  Dnmt1chip/–	  mice	  had	  developed	  tumors	  
(21	  lymphomas	  and	  2	  fibrosarcomas).	  Autopsy	  of	  Dnmt1chip/	  
chip	  mice	  at	  6	  months	  (n	  	  12)	  and	  12	  months	  (n	  	  6)	  
showed	  no	  evidence	  of	  tumor	  formaAon	  

Defects	  in	  DNA	  methyla8on	  have	  been	  linked	  to	  genome	  instability	  in	  studies	  of	  colorectal	  tumor	  cell	  
lines,	  mouse	  tumor	  models,	  and	  pa8ents	  with	  immunodeficiency–centromeric	  instability–facial	  
anomalies	  (ICF)	  syndrome.	  Dnmt1	  hypomorphic	  mice	  develop	  aggressive	  T	  cell	  lymphomas:	  
(i)  HypomethylaAon	  may	  induce	  endogenous	  retroviral	  elements,	  leading	  in	  turn	  to	  inserAonal	  acAvaAon	  of	  proto-‐

oncogenes?	  No	  obvious	  sign	  of	  retroviral	  inser;on	  in	  c-‐myc	  –	  but	  later	  in	  Notch	  
(ii)  HypomethylaAon	  may	  acAvate	  protooncogenes	  through	  epigeneAc	  effects?	  c-‐myc	  was	  overexpressed	  in	  most	  

hypomethylated	  tumors	  	  -‐	  but	  unlikely	  that	  acAvaAon	  of	  c-‐myc	  is	  direct	  consequence	  of	  promoter	  demethylaAon	  
because	  the	  gene	  is	  expressed	  at	  normal	  levels	  in	  thymuses	  from	  2-‐	  and	  4-‐week-‐old	  mice	  that	  show	  a	  level	  of	  
hypomethylaAon	  idenAcal	  to	  that	  of	  the	  tumors	  

(iii)  HypomethylaAon	  may	  induce	  genomic	  Instability?	  Modest	  but	  significant	  	  chromosome	  instability	  –	  chromosome	  
segrega;on	  problems	  due	  to	  DNA	  hypomethyla;on	  at	  centromeric	  satellite	  DNA?	  Modest	  increase	  in	  LOH	  (2.2	  fold)	  

(iv)  The	  transcripAon	  of	  repeAAve	  elements	  is	  increased	  following	  genomic	  hypomethylaAon	  in	  Dnmt1	  knockout	  mice	  
which	  may	  underpin	  the	  genomic	  instability	  and	  frequent	  gene	  rearrangements	  observed	  in	  these	  mice	  
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DNA and H3K9 Hypomethylation both lead to Cancer 

via genetic instability? 



In	  mammalian	  cells,	  H3K9	  trimethylaAon	  (H3K9me3)	  and	  DNA	  methylaAon	  are	  hallmarks	  of	  
consAtuAve	  heterochromaAn	  and	  are	  also	  required	  for	  transcripAonal	  silencing	  of	  genes	  and	  

retroviral	  elements	  (Magklara	  et	  al.,2011;	  Matsui	  et	  al.,	  2010;	  Nielsen	  et	  al.,	  2001).	  

In	  non-‐cycling	  cells	  

E. Heard, 2016 

Repressive	  histone	  lysine	  methylaAon	  marks	  at	  
heterochromaAn	  are	  established	  in	  a	  sequenAal	  pathway.	  
The	  Setdb1/CAF1/HP1α	  complex	  presumably	  induces	  
H3K9me1,	  which	  is	  converted	  to	  H3K9me3	  by	  Suv39h	  
enzymes.	  H3K9me3	  exerts	  an	  effect	  as	  a	  binding	  pla�orm	  
for	  HP1	  proteins,	  which	  in	  turn	  recruit	  Suv4-‐20h	  enzymes	  to	  
induce	  H4K20me3.	  Establishment	  of	  these	  modificaAons	  is	  
also	  regulated	  through	  interacAons	  with	  other	  proteins,	  for	  
example,	  members	  of	  the	  reAnoblastoma	  (Rb)	  family.	  There	  
is	  also	  evidence	  for	  interacAon	  of	  DNA	  methyltransferases	  
with	  Suv39h	  enzymes;	  however,	  this	  interplay	  needs	  further	  
characterizaAon.	  

Probst and Almouzni, TIGs 2011

Maison et al, Nat. Genetics. 2011

 
Maintenance of Pericentric Heterochromatin is required to prevent 

chromosome segregation defects 

Pericentric	   heterochromaAn	   (pHC)	   contributes	   to	  
centromere	   funcAon	   by	   ensuring	   sister	   chromaAd	  
cohesion.	   Pericentric	   heterochromaAn	   remains	  
condensed	   throughout	   the	  cell	   cycle	   (in	  mouse,	   cluster	  
together	  to	  form	  “chromocenters”)	  

Inner	  core:	  	  Centric	  domain	  (CenH3	  histone	  vrariant)	  	  
=	  basis	  of	  kinetochore	  formaAon	  and	  and	  essenAal	  
for	  chromosome	  segregaAon	  
	  
Adjacent	  to	  this	  is	  pericentric	  heterochromaAn	  (pHC)	  
which	  contributes	  to	  centromere	  funcAon	  by	  
ensuring	  sister	  chromaAd	  cohesion	  
	  

HP1	  binds	  Suv39h	  and	  
also	  H3K9me3	  via	  	  its	  
chromodomain	  
	  
	  
	  
HP1-‐HP1	  interacAons	  
favour	  compacAon?	  



Patients with ICF (immunodeficiency, centromeric instability, and facial anomalies) 
syndrome, which is caused by mutation in DNMT3B

Walton	  et	  al,	  Biology	  2014	  

DNA Hypomethylation and Genetic instability	  

E. Heard, 2016 

Defects in heterochromatin can promote genome instability and 
carcinogenesis:  

Mice lacking DNMT1 or SUV39H form tumors and display genome instability

Xu, G. L. et al. Chromosome instability and immunodeficiency syndrome caused by mutations in a DNA methyltransferase gene. Nature 402, 187–191 (1999). 
Peters, A. H. et al. Loss of the Suv39h histone methyltransferases impairs mammalian heterochromatin and genome stability. Cell 107, 323–337 (2001). 
Gaudet, F. et al. Induction of tumors in mice by genomic hypomethylation. Science 300, 489–492 (2003). 
Hansen, K. D. et al. Increased methylation variation in epigenetic domains across cancer types. Nature Genet. 43, 768–775 (2011). 
Fraga, M. F. et al. Loss of acetylation at Lys16 and trimethylation at Lys20 of histone H4 is a common hallmark of human cancer. Nature Genet. 37, 391–400 (2005). 
Wen, B., Wu, H., Shinkai, Y., Irizarry, R. A. & Feinberg, A. P. Large histone H3 lysine 9 dimethylated chromatin blocks distinguish differentiated from embryonic stem 
cells. Nature Genet. 41, 246–250 (2009). 

Failure to restore constitutive heterochromatin domains after replication can lead to 
chromosome breakages and aberrant chromosome segregation in mitosis.

Heterochromatin instability can also lead to aberrant repeat expression…



Ting	  et	  al,	  Science,	  2011	  
E. Heard, 2016 

Aberrant Satellite Repeat Expression in Cancer	  

L1	  transcripAon	  and/or	  mobilizaAon	  is	  
upregulated	  by	  certain	  types	  of	  stress:	  
for	  example,	  genotoxic	  stress,	  which	  is	  
induced	  by	  benzo[a]pyrene,	  UV	  light	  
[24],	  [25],	  gamma	  radiaAon	  [26],	  and	  
X-‐ray	  irradiaAon	  [27];	  oxidaAve	  stress,	  
which	  is	  induced	  by	  H2O2	  [28],	  heavy	  
metals	  [29],	  6-‐formylindolo[3,2-‐
b]carbazole	  [30],	  and	  in	  the	  mouse,	  
exercise	  stress	  [31].	  Physiological	  
stresses	  such	  as	  heat	  shock	  [32]	  can	  
induce	  retrotransposons	  other	  than	  L1	  
in	  various	  species	  [33].	  In	  addiAon,	  L1	  
ORF1	  protein	  is	  localized	  in	  
cytoplasmic	  stress	  granules,	  which	  
o}en	  form	  under	  stress	  condiAons	  
[34].	  

Stribinskis V, Ramos KS (2006) Activation of 
human long interspersed nuclear element 1 
retrotransposition by benzo(a)pyrene, an ubiquitous 
environmental carcinogen. Cancer Res 66: 2616–
2620.
Farkash et al (2006) Gamma radiation increases 
endonuclease-dependent L1 retrotransposition in a 
cultured cell assay. Nucleic Acids Res 34: 1196–
1204.
Banaz-Yasar F et al. (2012) LINE-1 
Retrotransposition Events Regulate Gene 
Expression After X-Ray Irradiation. DNA Cell Biol 
31(9): 1458–1467.
Giorgi G, et al (2011) LINE-1 retrotransposition in 
human neuroblastoma cells is affected by oxidative 
stress. Cell Tissue Res 346: 383–391
Okudaira N, et al. (2010) Induction of (L1) 
retrotransposition by 6-formylindolo[3,2-
b]carbazole (FICZ), a tryptophan photoproduct. 
Proc Natl Acad Sci U S A 107: 18487–18492.
Muotri AR, Zhao C, Marchetto MC, Gage FH 
(2009) Environmental influence on L1 
retrotransposons in the adult hippocampus. 
Hippocampus 19: 1002–1007.

Satellite transcripts are greatly overexpressed in mouse and human epithelial cancers. 
(~40-fold increase in pancreatic cancer over that in normal tissue).

Derepression of satellite transcripts correlated with overexpression of LINE-1 
retrotransposons and with aberrant expression of nearby neuroendocrine-associated genes.

Accumulation of satellite transcripts in mouse and human cell lines can arise from DNA 
demethylation, heat shock, or the induction of apoptosis, and their overexpression has been 
associated with genomic instability. 

The overexpression of satellite and LINE-1 transcripts in cancer may reflect global 
alterations in heterochromatin silencing.

RNAISH with HSATII probe 
(red stain): in  human 

Pancreatic IN (P) & normal 
tissue (N).
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Aberrant Satellite Methylation in human Cancer	  

L1	  transcripAon	  and/or	  mobilizaAon	  is	  
upregulated	  by	  certain	  types	  of	  stress:	  
for	  example,	  genotoxic	  stress,	  which	  is	  
induced	  by	  benzo[a]pyrene,	  UV	  light	  
[24],	  [25],	  gamma	  radiaAon	  [26],	  and	  
X-‐ray	  irradiaAon	  [27];	  oxidaAve	  stress,	  
which	  is	  induced	  by	  H2O2	  [28],	  heavy	  
metals	  [29],	  6-‐formylindolo[3,2-‐
b]carbazole	  [30],	  and	  in	  the	  mouse,	  
exercise	  stress	  [31].	  Physiological	  
stresses	  such	  as	  heat	  shock	  [32]	  can	  
induce	  retrotransposons	  other	  than	  L1	  
in	  various	  species	  [33].	  In	  addiAon,	  L1	  
ORF1	  protein	  is	  localized	  in	  
cytoplasmic	  stress	  granules,	  which	  
o}en	  form	  under	  stress	  condiAons	  
[34].	  

Stribinskis V, Ramos KS (2006) Activation of 
human long interspersed nuclear element 1 
retrotransposition by benzo(a)pyrene, an ubiquitous 
environmental carcinogen. Cancer Res 66: 2616–
2620.
Farkash et al (2006) Gamma radiation increases 
endonuclease-dependent L1 retrotransposition in a 
cultured cell assay. Nucleic Acids Res 34: 1196–
1204.
Banaz-Yasar F et al. (2012) LINE-1 
Retrotransposition Events Regulate Gene 
Expression After X-Ray Irradiation. DNA Cell Biol 
31(9): 1458–1467.
Giorgi G, et al (2011) LINE-1 retrotransposition in 
human neuroblastoma cells is affected by oxidative 
stress. Cell Tissue Res 346: 383–391
Okudaira N, et al. (2010) Induction of (L1) 
retrotransposition by 6-formylindolo[3,2-
b]carbazole (FICZ), a tryptophan photoproduct. 
Proc Natl Acad Sci U S A 107: 18487–18492.
Muotri AR, Zhao C, Marchetto MC, Gage FH 
(2009) Environmental influence on L1 
retrotransposons in the adult hippocampus. 
Hippocampus 19: 1002–1007.

•	  Whole-‐genome	  DNAm	  (methylome)	  analysis	  (not	  
just	  CpG	  islands)	  by	  MeDIP-‐seq	  enables	  unbiased	  
analysis	  of	  cancer	  methylomes	  
	  
•	  Malignant	  peripheral	  nerve	  sheath	  tumors	  
(MPNSTs),	  benign	  neurofibromas,	  and	  normal	  
Schwann	  cells	  examined	  
	  
•	  No	  significant	  global	  hypomethylaAon	  was	  observed	  
in	  MPNSTs	  	  
	  
•	  However,	  a	  highly	  significant	  (P	  <	  10–100)	  direcAonal	  
difference	  in	  DNAm	  was	  found	  in	  satellite	  repeats,	  
suggesAng	  these	  repeats	  to	  be	  the	  main	  target	  for	  
hypomethylaAon	  in	  MPNSTs.	  	  
	  
•	  However,	  genomic	  instability	  does	  NOT	  appear	  to	  
be	  a	  common	  feature	  in	  MPNSTs	  (Serra	  et	  al.	  1997;	  
Kobayashi	  et	  al.	  2006),	  
	  
⇒  Absence	  of	  DNA	  methylaAon	  alone	  is	  not	  a	  trigger	  

for	  chromosome	  instability	  in	  this	  case	  
	  
⇒  Different	  cell	  types	  may	  have	  different	  

requirements	  for	  satellite	  DNA	  methylaAon	  
	  
	  
	  

tumeur	  périphérique	  de	  la	  gaine	  nerveuse	  

Feber	  et	  al,	  Genome	  Res.(2011)	  
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Other Repeat Elements in the Genome	  

Transposable	  elements	  represent	  about	  45%	  of	  the	  human	  genome.	  	  
	  
Long	  interspersed	  nuclear	  elements	  (LINEs),	  comprising	  20%	  of	  the	  human	  genome	  are	  a	  type	  of	  non-‐LTR	  
retrotransposon.	  	  
	  
Non-‐autonomous	  retrotransposons	  are	  a	  third	  class	  of	  retrotransposons,	  of	  which	  the	  short	  interspersed	  
nuclear	  elements	  (SINEs-‐	  Alu’s	  –	  SVA’s)	  comprise	  ∼13%	  of	  the	  human	  genome	  (Lander	  et	  al.,2001).	  	  
	  
The	  human	  genome	  contains	  millions	  of	  copies	  of	  retrotransposons;	  however,	  only	  the	  LINE-‐1	  (L1)	  family,	  
remains	  the	  primary	  source	  of	  retrotransposiAon.	  	  
	  
L1	  retrotransposon	  acAvity	  has	  persisted	  over	  Ame	  within	  the	  human	  genome	  and	  its	  derepression	  is	  
associated	  with	  genomic	  instability	  and	  tumor	  development	  (Gasior	  et	  al.,	  2006;	  Lee	  et	  al.,	  2012).	  	  
	  
Over	  100,000	  L1	  sequences	  exist	  in	  the	  human	  genome;	  however,	  most	  are	  rendered	  inacAve	  by	  point	  
mutaAons,	  rearrangements,	  or	  truncaAons	  (Brouha	  et	  al.,	  2003).	  
	  



E. Heard, 2016 

 
 LINE-1 Elements 

Mobile	  DNA	  elements	  in	  the	  generaAon	  of	  diversity	  and	  
complexity	  in	  the	  brain	  (2014)	  Jennifer	  A.	  Erwin, 	  Maria	  C.	  
MarcheRo	  &	  Fred	  H.	  Gage	  
Nature	  Reviews	  Neuroscience	  15,	  497–506	  	  

A	  few	  (<10)	  “Hot”	  L1s	  responsible	  for	  the	  bulk	  of	  L1	  retrotransposiAon	  within	  the	  
human	  genome	  (Brouha	  et	  al.,	  2003).	  Recently,	  several	  newly	  inserted	  “hot”	  L1s	  
found	  –	  and	  	  are	  extremely	  polymorphic	  and	  specific	  to	  a	  few	  individuals,	  (Beck	  et	  
al.,	  2010;	  Huang	  et	  al.,	  2010;	  Iskow	  et	  al.,	  2010).	  	  
	  
LINEs	  are	  potenAally	  mutagenic	  ;	  	  new	  inserAons	  can	  influence	  gene	  expression;	  	  
	  
May	  parAcipate	  in	  creaAng	  somaAc	  variaAon	  during	  life	  span	  	  
(Mobile	  DNA	  elements	  in	  the	  generaAon	  of	  diversity	  and	  complexity	  in	  the	  brain,	  Erwin,	  MarcheRo	  &	  Gage,	  
2014,	  Nature	  Reviews	  Neuroscience	  15,	  497–506)	  
	  

	  

The	  mobility	  of	  a	  L1	  
retrotransposon	  is	  
completely	  dependent	  on	  
transcripAon	  and	  translaAon	  
of	  its	  encoded	  proteins	  and	  
therefore	  incudes	  both	  
nuclear	  and	  cytoplasmic	  
events	  essenAal	  for	  
retrotransposon	  duplicaAo	  
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LINE-1 element impact on genome functions 

Mobile	  DNA	  elements	  in	  the	  generaAon	  of	  diversity	  and	  
complexity	  in	  the	  brain	  (2014)	  Jennifer	  A.	  Erwin, 	  Maria	  C.	  
MarcheRo	  &	  Fred	  H.	  Gage	  
Nature	  Reviews	  Neuroscience	  15,	  497–506	  	  

The	  mobility	  of	  a	  L1	  
retrotransposon	  is	  
completely	  dependent	  on	  
transcripAon	  and	  translaAon	  
of	  its	  encoded	  proteins	  and	  
therefore	  incudes	  both	  
nuclear	  and	  cytoplasmic	  
events	  essenAal	  for	  
retrotransposon	  duplicaAo	  

EpigeneAc	  control	  of	  LINEs	  and	  other	  transposons	  is	  key	  to	  survival	  of	  the	  host	  
Both	  in	  the	  germ	  line,	  during	  development	  and	  in	  the	  adult	  

EpigeneAc	  mechanisms	  have	  even	  been	  proposed	  to	  have	  evolved	  for	  this	  purpose!	  
Such	  control	  may	  also	  be	  exploited	  to	  generate	  differen8al	  expression	  states	  of	  host	  genes	  	  

As	  B.	  McClintock	  originally	  proposed:	  transposable	  elements	  may	  act	  as	  “controlling	  elements”	  
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 Epigenetic Control of Repeats 

	  
DNA	  methylaAon	  represents	  a	  key	  control	  mechanisms	  for	  the	  repression	  of	  repeAAve	  
elements	  (Liang	  et	  al,	  2002;	  Kato	  et	  al,	  2007)	  
	  
Several	  repressive	  histone	  modificaAons,	  including	  H3K9me3,	  H3K27me3,	  and	  
H4K20me3,	  are	  also	  enriched	  at	  interspersed	  repeats	  (Martens	  et	  al	  2005;	  Mikkelsen	  et	  
al,	  2007;	  Leeb	  et	  al,	  2010)	  and	  Suv39/H3K9me3	  has	  been	  shown	  to	  repress	  LINEs	  in	  the	  
mouse.	  
	  
Certain	  stresses,	  such	  as	  gamma	  radiaAon,	  oxidaAve	  stress,	  and	  treatment	  with	  some	  
agents,	  can	  induce	  transcripAon	  and/or	  mobilizaAon	  of	  retrotransposons	  
	  

	  
Aberrant	  repeAAve	  DNA	  methylaAon	  eg	  hypo-‐methylaAon	  of	  L1,	  Alu,	  LTR,	  and	  satellite	  
repeats,	  is	  significantly	  associated	  with	  tumor	  progression	  in	  mulAple	  cancers	  such	  as	  
gastrointesAnal	  stromal	  tumors,	  myeloma,	  and	  lung	  cancer	  (Rauch	  et	  al,	  2008;	  BollaAo	  et	  
al,	  2009;	  Igarashi	  et	  al	  2010)	  
	  
HypomethylaAon	  of	  L1	  DNA	  has	  been	  observed	  in	  various	  cancers	  and	  is	  associated	  with	  
an	  increase	  in	  transcripAonal	  acAvaAon	  and	  expression	  of	  L1	  (Alves	  et	  al.,	  1996;	  Asch	  et	  al.,	  
1996;	  Kitkumthorn	  et	  al.,	  2012;	  Murata	  et	  al.,	  2013;	  Criscione	  et	  al.,	  2014;	  Park	  et	  al.,	  
2014).	  
	  
L1	  hypomethylaAon	  can	  occur	  early	  in	  tumorigenesis	  and	  is	  associated	  with	  bladder	  
(Patchsung	  et	  al.,	  2012;	  Salas	  et	  al.,	  2014),	  gastric	  (Shigaki	  et	  al.,	  2013;	  Baba	  et	  al.,	  2014a),	  
colon	  (Ogino	  et	  al.,	  2008;	  Antelo	  et	  al.,	  2012;	  Murata	  et	  al.,	  2013),	  lung	  (Saito	  et	  al.,	  2010),	  
and	  breast	  cancers	  (Park	  et	  al.,	  2014).	  	  
	  



E. Heard, 2016 

LINE or SINE/Alu related Cancers
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 Mobile DNA elements can restructure cancer genomes 

An	  epiallele	  or	  silenced	  allele	  of	  a	  gene	  can	  be	  equated	  to	  the	  first	  or	  
second	  ‘hit’,	  as	  proposed	  in	  the	  two-‐step	  model	  for	  carcinogenesis.	  

EXAMPLES..	  

Sanger	  Center	  Press	  office	  2014	  

•	  Examined	  290	  tumour	  samples	  from	  12	  different	  cancer	  types,	  found	  3,000	  
sites	  where	  LINE-‐1	  elements	  were	  mobilised	  solely	  in	  the	  tumour.	  	  
•	  In	  24%	  of	  sites,	  small	  pieces	  of	  non-‐repeAAve	  DNA	  were	  transduced	  by	  LINE-‐1	  
into	  another	  posiAon	  in	  the	  genome,	  mobilising	  exons	  and	  even	  complete	  genes.	  
•	  ParAcularly	  common	  in	  lung	  and	  colorectal	  cancers.	  	  
•	  LINE1	  ac8vity	  correlates	  with	  hypomethyla8on,	  which	  can	  be	  caused	  by	  
environmental	  factors.	  
	  
Majority	  of	  LINE-‐1	  events	  are	  passenger	  mutaAons	  rather	  than	  drivers	  in	  cancer	  
evoluAon	  –need	  to	  look	  at	  thousands	  of	  cancer	  genomes	  to	  detect	  true	  driver	  
events	  (integrated	  with	  other	  mutaAonal	  processes	  and	  transcripAonal	  data)	  

Mobile	  DNA	  in	  cancer.	  Extensive	  transducAon	  of	  nonrepeAAve	  DNA	  mediated	  by	  L1	  retrotransposiAon	  in	  cancer	  genomes.	  
Tubio	  JM,	  Li	  Y,	  Ju	  YS,	  MarAncorena	  I,	  Cooke	  SL	  et	  al.	  Science,	  2014;345;6196;1251343	  

In	  a	  lung	  cancer	  genome,	  three	  LINE-‐1	  copies	  
located	  at	  human	  chromosomes	  22,	  14,	  and	  13	  
spread	  non-‐repeAAve	  DNA	  by	  transducAon.	  
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An	  epiallele	  or	  silenced	  allele	  of	  a	  gene	  can	  be	  equated	  to	  the	  first	  or	  
second	  ‘hit’,	  as	  proposed	  in	  the	  two-‐step	  model	  for	  carcinogenesis.	  

EXAMPLES..	  

Sanger	  Center	  Press	  office	  2014	  

Mobile	  DNA	  in	  cancer.	  Extensive	  transducAon	  of	  nonrepeAAve	  DNA	  mediated	  by	  L1	  retrotransposiAon	  in	  cancer	  genomes.	  
Tubio	  JM,	  Li	  Y,	  Ju	  YS,	  MarAncorena	  I,	  Cooke	  SL	  et	  al.	  Science,	  2014;345;6196;1251343	  

In	  a	  lung	  cancer	  genome,	  three	  LINE-‐1	  copies	  
located	  at	  human	  chromosomes	  22,	  14,	  and	  13	  
spread	  non-‐repeAAve	  DNA	  by	  transducAon.	  

Lung	  tumor	  progression:	  
hundreds	  of	  3ʹ′	  transducAons	  arose	  
from	  a	  small	  number	  of	  acAve	  L1	  

source	  elements	  (colored	  circles	  on	  
outer	  rim	  of	  circle).	  As	  the	  tumor	  

evolved	  from	  the	  preinvasive	  common	  
ancestor	  to	  invasive	  cancer,	  individual	  
elements	  exhibited	  variable	  acAvity	  

over	  Ame.	  

 
 Mobile DNA elements can restructure cancer genomes 

•	  Examined	  290	  tumour	  samples	  from	  12	  different	  cancer	  types,	  found	  3,000	  
sites	  where	  LINE-‐1	  elements	  were	  mobilised	  solely	  in	  the	  tumour.	  	  
•	  In	  24%	  of	  sites,	  small	  pieces	  of	  non-‐repeAAve	  DNA	  were	  transduced	  by	  LINE-‐1	  
into	  another	  posiAon	  in	  the	  genome,	  mobilising	  exons	  and	  even	  complete	  genes.	  
•	  ParAcularly	  common	  in	  lung	  and	  colorectal	  cancers.	  	  
•	  LINE1	  ac8vity	  correlates	  with	  hypomethyla8on,	  which	  can	  be	  caused	  by	  
environmental	  factors.	  
	  
Majority	  of	  LINE-‐1	  events	  are	  passenger	  mutaAons	  rather	  than	  drivers	  in	  cancer	  
evoluAon	  –need	  to	  look	  at	  thousands	  of	  cancer	  genomes	  to	  detect	  true	  driver	  
events	  (integrated	  with	  other	  mutaAonal	  processes	  and	  transcripAonal	  data)	  
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STK31	  exon	  shuffling	  mediated	  by	  a	  soma8c	  L1	  
element:	  
	  
An	  intact	  L1	  element	  inserts	  somaAcally	  immediately	  downstream	  
of	  an	  exon	  of	  STK31.	  	  
	  
A	  further	  partnered	  transducAon	  event	  occurs	  in	  which	  the	  exon	  
of	  STK31	  and	  a	  porAon	  of	  the	  somaAc	  L1	  element	  retrotranspose	  
to	  an	  intron	  of	  NRXN3	  

SomaAc	  transducAons	  frequently	  mobilize	  DNA	  sequences	  with	  
regulatory	  potenAal.	  	  
Gray	  rectangles	  represent	  the	  3ʹ′	  end	  of	  the	  L1	  source	  elements.	  
The	  x	  axis	  =	  distance	  downstream	  of	  each	  source	  element.	  	  
Green	  rectangles	  represent	  DNAse-‐I–hypersensiAve	  sites,	  	  
Horizontal	  blue	  lines	  represent	  transcripAon	  factor	  binding	  sites.	  
Red	  lines	  represents	  end	  points	  of	  a	  somaAc	  transducAon	  event.	  

 
 Mobile DNA elements can restructure cancer genomes 
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 Mobile LINE-1’s are always Hypomethylated 

An	  epiallele	  or	  silenced	  allele	  of	  a	  gene	  can	  be	  equated	  to	  the	  first	  or	  
second	  ‘hit’,	  as	  proposed	  in	  the	  two-‐step	  model	  for	  carcinogenesis.	  

EXAMPLES..	  

Mobile	  LINE-‐1s	  show	  5’	  end	  DNA	  
hypomethylaAon	  in	  cancer:	  	  

Mobile	  DNA	  in	  cancer.	  Extensive	  transducAon	  of	  nonrepeAAve	  DNA	  mediated	  by	  L1	  retrotransposiAon	  in	  cancer	  genomes.	  
Tubio	  JM,	  Li	  Y,	  Ju	  YS,	  MarAncorena	  I,	  Cooke	  SL	  et	  al.	  Science,	  2014;345;6196;1251343	  

Nevertheless,	  the	  control	  systems	  that	  are	  lost	  
and	  enable	  L1	  ac8vity	  to	  be	  triggered	  may	  be	  
mul8ple	  and	  not	  just	  at	  the	  level	  of	  DNA	  

methyla8on	  
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 Pathological impact of LINE-1 Mobility 

An	  epiallele	  or	  silenced	  allele	  of	  a	  gene	  can	  be	  equated	  to	  the	  first	  or	  
second	  ‘hit’,	  as	  proposed	  in	  the	  two-‐step	  model	  for	  carcinogenesis.	  

EXAMPLES..	  

Extensive	  soma8c	  inser8onal	  mutagenesis	  occurs	  early	  
during	  the	  development	  of	  GI	  tumors,	  probably	  before	  
dysplas8c	  growth.	  	  
•	  L1-‐targeted	  resequencing	  (L1-‐seq)	  on	  different	  stages	  of	  4	  colorectal	  
cancers	  arising	  from	  colonic	  polyps,	  seven	  pancreaAc	  carcinomas,	  as	  
well	  as	  seven	  gastric	  cancers.	  	  
•	  Found	  somaAc	  L1	  inserAons	  not	  only	  in	  all	  cancer	  types	  and	  
metastases	  but	  also	  in	  colonic	  adenomas,	  well-‐known	  cancer	  
precursors.	  	  
•	  Some	  inserAons	  were	  also	  present	  in	  low	  quan88es	  in	  normal	  GI	  
8ssues,	  occasionally	  caught	  in	  the	  act	  of	  being	  clonally	  fixed	  in	  the	  
adjacent	  tumors.	  	  
Early	  inser8on	  (muta8on)	  8ming?	  Normal-‐appearing	  cells	  may	  harbor	  
tumor-‐ini8a8ng	  gene8c	  lesions.	  
•	  InserAons	  in	  adenomas	  and	  cancers	  numbered	  in	  the	  hundreds,	  and	  
many	  were	  present	  in	  mulAple	  tumor	  secAons,	  implying	  clonal	  
distribuAon.	  
•	  Many	  inserAons	  occurred	  in	  known	  or	  candidate	  
cancer	  driver	  genes	  eg	  within	  1.9	  kb	  of	  two	  exons	  of	  the	  CYLD	  gene	  (a	  
known	  tumor	  suppressor)	  
•	  No	  enrichment	  of	  cancer	  driver	  genes	  targeted	  by	  somaAc	  L1	  
inserAons	  was	  observed	  when	  compared	  to	  germline	  inserAons	  
	  
Speculate:	  Early	  LINE	  ac8va8on	  –	  due	  to	  loss	  of	  epigene8c	  
control	  (triggered	  by	  	  stress?	  eg	  chronic	  inflamma8on)	  may	  
lead	  to	  new	  tumor	  ini8a8ng	  muta8ons	  

Ewing	  et	  al	  (2015)	  Genome	  Res	  25:1536–1545	  
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LINEs as Drivers in Cancer?

Possible	  oncogenic	  role	  of	  L1	  inser8ons	  given	  that	  mutated	  genes	  are	  candidate	  drivers	  of	  
tumorigenesis	  
	  
L1	  can	  also	  mobilize	  other	  nonautonomous	  retrotransposons	  such	  as	  Alu	  and	  SVA,	  potenAally	  
leading	  to	  addiAonal	  genomic	  lesions	  that	  could	  funcAon	  in	  tumorigenesis.	  
	  
Expression	  of	  L1	  ORF1p	  is	  a	  hallmark	  of	  many	  human	  cancers,	  with	  almost	  half	  (47%)	  of	  the	  human	  
neoplasms	  examined	  being	  immunoreacAve	  for	  L1	  (Rodic	  et	  al.,	  2014).	  	  	  
	  
L1	  DNA	  hypomethylaAon	  is	  common	  during	  tumorigenesis	  =>	  L1s	  can	  be	  reacAvated	  and	  
parAcipate	  in	  cancer	  iniAaAon	  and	  progression.	  
	  
Several	  correlaAons	  between	  Assue	  L1	  hypomethylaAon	  and	  increased	  cancer	  risk	  or	  poor	  
prognosis.	  (Ashktorab	  et	  al,	  2014;	  GualAeri	  	  2013,40–42)	  
	  
	  L1	  methylaAon	  status	  as	  a	  cancer	  prognosAc	  marker	  in	  peripheral	  blood	  of	  paAents	  ?	  	  
(Controversial…)	  
	  
Target-‐site	  analysis:	  somaAc	  L1	  inserAons	  are	  biased	  away	  from	  transcripAonal	  acAve	  regions	  and	  
toward	  regions	  such	  as	  intergenic	  or	  heterochromaAc	  regions,	  cancer-‐specific	  hypomethylaAon	  
regions,	  or	  genes	  frequently	  mutated	  in	  cancer	  
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LINEs as Drivers in Cancer?

Possible	  oncogenic	  role	  of	  L1	  inser8ons	  given	  that	  mutated	  genes	  are	  candidate	  drivers	  of	  
tumorigenesis	  
	  
L1	  can	  also	  mobilize	  other	  nonautonomous	  retrotransposons	  such	  as	  Alu	  and	  SVA,	  potenAally	  
leading	  to	  addiAonal	  genomic	  lesions	  that	  could	  funcAon	  in	  tumorigenesis.	  
	  
Expression	  of	  L1	  ORF1p	  is	  a	  hallmark	  of	  many	  human	  cancers,	  with	  almost	  half	  (47%)	  of	  the	  human	  
neoplasms	  examined	  being	  immunoreacAve	  for	  L1	  (Rodic	  et	  al.,	  2014).	  	  	  
	  
L1	  DNA	  hypomethylaAon	  is	  common	  during	  tumorigenesis	  =>	  L1s	  can	  be	  reacAvated	  and	  
parAcipate	  in	  cancer	  iniAaAon	  and	  progression.	  
	  
Several	  correlaAons	  between	  Assue	  L1	  hypomethylaAon	  and	  increased	  cancer	  risk	  or	  poor	  
prognosis.	  (Ashktorab	  et	  al,	  2014;	  GualAeri	  	  2013,40–42)	  
	  
	  L1	  methylaAon	  status	  as	  a	  cancer	  prognosAc	  marker	  in	  peripheral	  blood	  of	  paAents	  ?	  	  
(Controversial…)	  
	  
Target-‐site	  analysis:	  somaAc	  L1	  inserAons	  are	  biased	  away	  from	  transcripAonal	  acAve	  regions	  and	  
toward	  regions	  such	  as	  intergenic	  or	  heterochromaAc	  regions,	  cancer-‐specific	  hypomethylaAon	  
regions,	  or	  genes	  frequently	  mutated	  in	  cancer	  
	  

LINE1	  ORF1p	  and	  ORF2p	  levels	  are	  upregulated	  in	  breast	  cancers	  compared	  to	  normal	  Assues.	  	  
	  
Cytoplasmic	  levels	  of	  ORF1p	  and	  ORF2p	  are	  elevated	  in	  DCIS	  breast	  cancers	  compared	  to	  highly	  invasive	  
cancers.	  	  
	  
Conversely,	  nuclear	  levels	  of	  ORF1p	  and	  ORF2p	  were	  found	  to	  be	  higher	  in	  invasive	  breast	  cancers	  and	  
correlated	  with	  increased	  lymph	  node	  metastasis	  and	  poor	  paAent	  survival	  (Harris	  et	  al.,	  2010;	  Chen	  et	  
al.,	  2012).	  	  
	  
Furthermore,	  inhibiAon	  of	  the	  L1-‐encoded	  reverse	  transcriptase	  in	  breast	  cancer	  cells	  was	  demonstrated	  
to	  reduce	  the	  rate	  of	  prolifera8on	  and	  promote	  cellular	  differen8a8on	  (Patnala	  et	  al.,	  2014).	  	  
	  

COURS	  VI	  :	  Epigene8c	  therapy	  -‐	  	  induced	  interferon	  response	  
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Can Epimutated Genes drive Cancer? 

	  
Cause	  or	  Consequence?	  

	  
Acquired	  epimuta8ons	  -‐	  proposed	  as	  a	  “second	  hit”	  in	  tumors	  associated	  with	  familial	  
cancer	  syndromes	  cause	  by	  heterozygous	  germline	  mutaAons;	  or	  aberrantly	  acAvated	  
oncogenes	  
	  
	  
	  
	  
	  
	  



Epimuta8ons	  involved	  in	  Familial	  Cancer?	  

Constitutional MLH1 epimutations occur in individuals with young-onset cancer 
and demonstrate non-Mendelian inheritance through their reversal in the germline. 
We report a cancer-affected family showing dominant transmission of soma-wide 
highly mosaic MLH1 methylation and transcriptional repression linked to a 
particular genetic haplotype. The epimutation was erased in spermatozoa but 
reinstated in the somatic cells of the next generation. The affected haplotype 
harbored two single nucleotide substitutions in tandem; c.-27C > A located near the 
transcription initiation site and c.85G > T. The c.-27C > A variant significantly 
reduced transcriptional activity in reporter assays and is the probable cause of this 
epimutation. 
 
Study of a cancer-affected family with dominant inheritance of a mosaic MLH1 
epimutation and transcriptional repression through three generations provided 
evidence of a cis-genetic basis for constitutional epigenetic silencing of MLH1. The 
identification of a 5’UTR germline c.-27C > A variant suggests that promoter 
variants of unknown pathogenic significance within MLH1 and other genes may 
confer cancer susceptibility through their association with epigenetic modifications. 

If	  first	  hit	  is	  a	  
germline	  mutaAon,	  
second	  somaAc	  
mutaAon	  more	  
likely	  to	  enable	  
cancer	  

SomaAc	  mutaAon	  

Cancer	  No	  cancer	  

Germline	  mutaAon	  

E.	  Heard,	  2016	  

An	  epiallele	  or	  silenced	  allele	  of	  a	  gene	  can	  be	  equated	  to	  the	  ‘first	  hit’	  
or	  ‘second’	  hit	  as	  proposed	  by	  Knudson	  in	  his	  two-‐step	  model	  for	  

carcinogenesis.	  

reversible?	  irreversible	  

or	  epimutaAon	  
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Can Epimutated Genes drive Cancer? 

	  
Cause	  or	  Consequence?	  

	  
Acquired	  epimuta8ons	  -‐	  proposed	  as	  a	  “second	  hit”	  in	  tumors	  associated	  with	  familial	  
cancer	  syndromes	  cause	  by	  heterozygous	  germline	  mutaAons;	  or	  aberrantly	  acAvated	  
oncogenes	  
	  
Cons8tu8onal	  epimuta8ons	  –	  already	  	  present	  (and	  widespread)	  in	  somaAc	  cells,	  
prior	  to	  disease	  onset	  
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Primary:	  consAtuAonal	  epimutaAons	  that	  conform	  to	  Holliday’s	  original	  definiAon	  as	  being	  independent	  of	  DNA	  
sequence	  (although	  difficult	  to	  prove	  definiAvely	  in	  humans	  given	  the	  extensive	  variaAon	  in	  geneAc	  background).	  	  
	  
Secondary:	  those	  arising	  as	  a	  consequence	  of	  an	  underlying	  geneAc	  mutaAon	  

•	  Cons-tu-onal	  epimuta-on:	  an	  aberraAon	  in	  gene	  expression	  due	  to	  an	  altered	  epigenotype	  
that	  is	  widely	  distributed	  in	  normal	  Assues	  (albeit	  frequently	  mosaic)	  
•	  Provides	  alterna-ve	  mechanism	  to	  geneAc	  mutaAon	  for	  cancer	  predisposiAon.	  	  
•	  In	  cancer-‐affected	  families,	  can	  someAmes	  see	  inter-‐generaAonal	  inheritance	  of	  consAtuAonal	  
epimutaAon…	  primary	  (ie	  non-‐DNA	  sequence	  based)	  or	  secondary	  (ie	  do	  to	  DNA	  seq	  variant)?	  

 
Constitutional Epimutations 
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Primary:	  consAtuAonal	  epimutaAons	  that	  conform	  to	  Holliday’s	  original	  definiAon	  as	  being	  independent	  of	  DNA	  
sequence	  (although	  difficult	  to	  prove	  definiAvely	  in	  humans	  given	  the	  extensive	  variaAon	  in	  geneAc	  background).	  	  
	  
Secondary:	  those	  arising	  as	  a	  consequence	  of	  an	  underlying	  geneAc	  mutaAon	  

MutL	  homologue	  1	  (MLH1)	  mutaAons	  cause	  
Lynch	  syndrome:	  young	  onset	  of	  colorectal,	  
endometrial	  and	  other	  cancers	  that	  typically	  
demonstrate	  microsatellite	  instability	  (MSI)	  
(and	  high	  mutaAons	  rates)	  owing	  to	  a	  
deficiency	  in	  DNA	  mismatch	  repair.	  	  
	  
Lynch	  syndrome	  can	  be	  hereditary	  -‐	  caused	  
by	  heterozygous	  germline	  muta;ons	  within	  
one	  of	  four	  key	  DNA	  mismatch	  repair	  genes,	  
most	  frequently	  within	  MLH1	  or	  MSH2	  	  
	  
Or	  by	  consAtuAonal	  epimuta;on	  of	  MLH1	  in	  
sporadic	  forms	  of	  Lynch	  syndrome	  (1-‐10%	  
cases)	  (Hitchins	  and	  Lunch,	  2014)	  

Originate	  in	  oocyte	  or	  early	  embryo	  

Epimutations: primary versus secondary 
 

 Primary:	  epigene8c	  change	  induced	  in	  parental	  germ	  line	  or	  early	  embryo?	  
Secondary:	  consequence	  of	  DNA	  sequence	  polymorphism/muta8on?	  

During	  replicaAon	  of	  tandem	  repeat	  sequences	  
(C10),	  DNA	  strand	  denaturaAon	  may	  occur,	  
resulAng	  in	  strands	  reannealing	  ‘out	  of	  
register’	  (that	  is,	  becoming	  misaligned).	  This	  
may	  lead	  to	  the	  addiAon	  (or	  subtracAon)	  of	  
one	  or	  more	  nucleoAdes	  during	  replicaAon	  
(G11).	  The	  extra	  nucleoAde	  bulge	  is	  recognized	  
by	  the	  mismatch	  repair	  (MMR)	  heterodimer	  
mutS	  homologue	  2	  (MSH2)–	  MSH6	  which,	  
together	  with	  MLH1–postmeioAc	  segregaAon	  
increased	  2	  (PMS2),	  promotes	  excision	  of	  this	  
porAon	  of	  the	  errant	  daughter	  strand.	  
However,	  in	  the	  absence	  of	  MMR	  acAvity,	  the	  
extra	  nucleoAde	  remains.	  During	  the	  next	  
round	  of	  DNA	  replicaAon,	  the	  G11	  strand	  
becomes	  the	  template	  strand.	  Successful	  
replicaAon	  of	  this	  errant	  strand	  results	  in	  
permanent	  fixaAon	  of	  the	  addiAonal	  
nucleoAde	  and	  the	  generaAon	  of	  a	  new	  allele	  
(C11).	  EXO1,	  exonuclease	  1;	  MSI,	  microsatellite	  
instability;	  MSS,	  microsatellite	  stability;	  PCNA,	  
proliferaAng	  cell	  nuclear	  anAgen;	  Polδ,	  DNA	  
polymerase-‐δ.	  	  
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Primary:	  consAtuAonal	  epimutaAons	  that	  conform	  to	  Holliday’s	  original	  definiAon	  as	  being	  independent	  of	  DNA	  
sequence	  (although	  difficult	  to	  prove	  definiAvely	  in	  humans	  given	  the	  extensive	  variaAon	  in	  geneAc	  background).	  	  
	  
Secondary:	  those	  arising	  as	  a	  consequence	  of	  an	  underlying	  geneAc	  mutaAon	  

MutL	  homologue	  1	  (MLH1)	  mutaAons	  cause	  
Lynch	  syndrome:	  young	  onset	  of	  colorectal,	  
endometrial	  and	  other	  cancers	  that	  typically	  
demonstrate	  microsatellite	  instability	  (MSI)	  
(and	  high	  mutaAons	  rates)	  owing	  to	  a	  
deficiency	  in	  DNA	  mismatch	  repair.	  	  
	  
Lynch	  syndrome	  can	  be	  hereditary	  -‐	  caused	  
by	  heterozygous	  germline	  muta;ons	  within	  
one	  of	  four	  key	  DNA	  mismatch	  repair	  genes,	  
most	  frequently	  within	  MLH1	  or	  MSH2	  	  
	  
Or	  by	  consAtuAonal	  epimuta;on	  of	  MLH1	  in	  
sporadic	  forms	  of	  Lynch	  syndrome	  (1-‐10%	  
cases)	  (Hitchins	  and	  Lunch,	  2014)	  

Originate	  in	  oocyte	  or	  early	  embryo	  

Lynch Syndrome: Mismatch Repeair Deficiency 
 Primary:	  epigene8c	  change	  induced	  in	  parental	  germ	  line	  or	  early	  embryo?	  

Secondary:	  consequence	  of	  DNA	  sequence	  polymorphism/muta8on?	  
During	  replicaAon	  of	  tandem	  repeat	  sequences	  
(C10),	  DNA	  strand	  denaturaAon	  may	  occur,	  
resulAng	  in	  strands	  reannealing	  ‘out	  of	  
register’	  (that	  is,	  becoming	  misaligned).	  This	  
may	  lead	  to	  the	  addiAon	  (or	  subtracAon)	  of	  
one	  or	  more	  nucleoAdes	  during	  replicaAon	  
(G11).	  The	  extra	  nucleoAde	  bulge	  is	  recognized	  
by	  the	  mismatch	  repair	  (MMR)	  heterodimer	  
mutS	  homologue	  2	  (MSH2)–	  MSH6	  which,	  
together	  with	  MLH1–postmeioAc	  segregaAon	  
increased	  2	  (PMS2),	  promotes	  excision	  of	  this	  
porAon	  of	  the	  errant	  daughter	  strand.	  
However,	  in	  the	  absence	  of	  MMR	  acAvity,	  the	  
extra	  nucleoAde	  remains.	  During	  the	  next	  
round	  of	  DNA	  replicaAon,	  the	  G11	  strand	  
becomes	  the	  template	  strand.	  Successful	  
replicaAon	  of	  this	  errant	  strand	  results	  in	  
permanent	  fixaAon	  of	  the	  addiAonal	  
nucleoAde	  and	  the	  generaAon	  of	  a	  new	  allele	  
(C11).	  EXO1,	  exonuclease	  1;	  MSI,	  microsatellite	  
instability;	  MSS,	  microsatellite	  stability;	  PCNA,	  
proliferaAng	  cell	  nuclear	  anAgen;	  Polδ,	  DNA	  
polymerase-‐δ.	  	  

or	  	  
ConsAtuAonal	  
EpimutaAon	  



Epimutations: primary versus secondary 
 

 Primary:	  epigene8c	  change	  induced	  in	  parental	  germ	  line	  or	  early	  embryo?	  
Secondary:	  consequence	  of	  DNA	  sequence	  polymorphism/muta8on?	  
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A	  DNA	  sequence	  change	  (mutaAon)	  
affects	  a	  transcripAon	  factor	  binding	  site	  	  
⇒  no/low	  transcripAon	  
⇒  CGI/promoter	  DNA	  methylaAon	  

arises	  

Primary:	  consAtuAonal	  epimutaAons	  that	  conform	  to	  Holliday’s	  original	  definiAon	  as	  being	  independent	  of	  DNA	  
sequence	  (although	  difficult	  to	  prove	  definiAvely	  in	  humans	  given	  the	  extensive	  variaAon	  in	  geneAc	  background).	  	  
	  
Secondary:	  those	  arising	  as	  a	  consequence	  of	  an	  underlying	  geneAc	  mutaAon	  

Primary	  Epimuta8ons	  of	  other	  cancer-‐related	  genes?	  
E-‐cadherin	  (CHD1)?	  (just	  one	  case…)	  
BRCA1	  or	  RAD51	  –	  mosaic	  consAtuAonal	  methylaAon	  
(0.01-‐20%)	  –	  but	  no	  evidence	  that	  this	  is	  cancer	  
causing.	  
	  

Originate	  in	  oocyte	  or	  early	  embryo	  

Apparent	  (Secondary)	  Epimuta8ons:	  due	  to	  cis-‐ac8ng	  gene8c	  lesion…	  
•	  MLH1	  	  c.-‐27C>A	  single	  nucleoAde	  variant	  (SNV)	  in	  four	  disAnct	  families	  from	  a	  common	  
European	  ancestral	  haplotype:	  mistaken	  for	  Primary	  (trans	  generaAonal)	  epimutaAon	  
•	  MSH2	  secondary	  epimutaAon	  due	  to	  EPCAM	  deleAon	  
•	  DAPK1	  2ary	  epimutaAon	  linked	  to	  a	  SNV	  within	  a	  regulatory	  element	  64	  kb	  upstream	  of	  DAPK1	  
allowed	  erroneous	  binding	  of	  the	  homeobox	  B7	  (HOXB7)	  transcripAonal	  repressor	  	  
	  	  



Epimutations: primary versus secondary 
 

 Primary:	  epigene8c	  change	  induced	  in	  parental	  germ	  line	  or	  early	  embryo?	  
Secondary:	  consequence	  of	  DNA	  sequence	  polymorphism/muta8on?	  

E. Heard, 2016 

A	  DNA	  sequence	  change	  (mutaAon)	  
affects	  a	  transcripAon	  factor	  binding	  site	  	  
⇒  no/low	  transcripAon	  
⇒  CGI/promoter	  DNA	  methylaAon	  

arises	  

Primary:	  consAtuAonal	  epimutaAons	  that	  conform	  to	  Holliday’s	  original	  definiAon	  as	  being	  independent	  of	  DNA	  
sequence	  (although	  difficult	  to	  prove	  definiAvely	  in	  humans	  given	  the	  extensive	  variaAon	  in	  geneAc	  background).	  	  
	  
Secondary:	  those	  arising	  as	  a	  consequence	  of	  an	  underlying	  geneAc	  mutaAon	  

Primary	  Epimuta8ons	  of	  other	  cancer-‐related	  genes?	  
E-‐cadherin	  (CHD1)?	  (just	  one	  case…)	  
BRCA1	  or	  RAD51	  –	  mosaic	  consAtuAonal	  methylaAon	  
(0.01-‐20%)	  –	  but	  no	  evidence	  that	  this	  is	  cancer	  
causing.	  
	  

Originate	  in	  oocyte	  or	  early	  embryo	  

Apparent	  (Secondary)	  Epimuta8ons:	  due	  to	  cis-‐ac8ng	  gene8c	  lesion…	  
•	  MLH1	  	  c.-‐27C>A	  single	  nucleoAde	  variant	  (SNV)	  in	  four	  disAnct	  families	  from	  a	  common	  
European	  ancestral	  haplotype:	  mistaken	  for	  Primary	  (trans	  generaAonal)	  epimutaAon	  
•	  MSH2	  secondary	  epimutaAon	  due	  to	  EPCAM	  deleAon	  
•	  DAPK1	  2ary	  epimutaAon	  linked	  to	  a	  SNV	  within	  a	  regulatory	  element	  64	  kb	  upstream	  of	  DAPK1	  
allowed	  erroneous	  binding	  of	  the	  homeobox	  B7	  (HOXB7)	  transcripAonal	  repressor	  	  
	  	  

Cancer	  causality?	  
MethylaAon	  tesAng	  of	  specific	  candidate	  genes	  in	  mutaAon-‐negaAve	  

paAents	  with	  a	  clinical	  suspicion	  of	  a	  high-‐penetrance	  cancer	  syndrome:	  
primary	  /secondary	  epimutaAons	  for	  MLH1,	  H19	  and	  a	  few	  others,	  but	  

not	  for	  APC,	  or	  CDKN2A.	  
⇒  No	  evidence	  of	  a	  generalized	  role	  for	  this	  mechanism	  	  

in	  other	  cancer-‐causing	  genes?	  
	  

However,	  many	  epimuta;ons	  may	  be	  missed	  in	  sporadic	  cases	  of	  cancer	  
as	  pa;ents	  are	  not	  usually	  tested	  for	  epimuta;ons…	  

Also	  epigene;c	  marks	  other	  than	  DNA	  methyla;on	  may	  be	  involved!	  
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DNA	  sequence	  based	  predisposiAon	  to	  somaAc	  epimutaAon,	  rather	  than	  primary	  epimutaAon,	  
may	  be	  a	  prevalent	  phenomenon	  –	  involving	  short/long	  range	  regulatory	  elements	  	  
	  
>	  This	  has	  important	  implicaAons	  for	  disease	  –	  epimutaAons	  can	  be	  useful	  biomarkers,	  and	  
they	  can	  be	  reversed:	  regulatory	  element	  variants	  can	  be	  ‘shi}ed’	  to	  acAvate/inacAvate	  a	  
gene,	  using	  epidrugs	  that	  change	  epigeneAc	  status	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
SNP-‐directed	  epimutaAons	  may	  also	  be	  influenced	  by	  diet,	  toxins,	  stress	  etc	  	  
>	  Can	  now	  explore	  extent	  and	  stability	  of	  epimutaAons	  with	  epigenomic	  mapping	  
	  
	  
	  

Biallelic expression  Monoallelic expression  

Metastable states 

Kelly, Carvalho and Jones, Nat. Biotech. 2010  

Primary Epimutations versus Sequence Variants? 



How do Epigenetic Changes Arise: Ageing 
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How do Epigenetic Changes Arise: Ageing 
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Replication stress:  loss of chromatin memory	  

E. Heard, 2016 

ReplicaAon	  stress	  can	  lead	  to	  both	  DNA	  mutaAons	  	  
and	  epigeneAc	  changes	  (chromaAn	  memory	  loss)	  that	  can	  impact	  on:	  
	  gene	  expression,	  repeat	  element	  acAvity,	  centromere	  funcAon…	  	  

	  leading	  to	  further	  gene;c	  and	  epigene;c	  aberra;ons	  
Oncogenic	  ac8vity	  can	  trigger	  replica8on	  stress,	  	  including	  unscheduled	  ini8a8on,	  fork	  

stalling	  and	  collapse.	  This	  can	  result	  in	  epigene8c	  aberra8ons	  in	  cancer…	  

Aging,	  like	  cancer,	  may	  well	  combine	  many	  of	  
the	  physiological	  and	  metabolic	  features	  
triggering	  genome	  instability.	  Thus,	  it	  has	  been	  
shown	  in	  budding	  yeast	  that	  asmother	  cells	  
age,	  they	  display	  an	  increase	  of	  up	  to	  100-‐fold	  
in	  the	  frequency	  of	  LOH	  (132).	  As	  aging	  is	  a	  
complex	  process,	  involving	  not	  only	  DNA	  
damage	  accumulaAon	  but	  also	  damage	  of	  
proteins,	  it	  is	  possible	  that	  aging-‐associated	  
instability	  has	  mulAple	  causes	  (116).	  Age-‐
induced	  LOH	  is	  not	  the	  result	  of	  chromosome	  
loss	  due	  to	  nondisjuncAon	  but	  is	  caused	  by	  
mitoAc	  recombinaAon,	  likely	  generated	  by	  
DNA	  damage,	  suggesAng	  that	  aged	  cells	  have	  
faulty	  replicaAon.	  
The	  observaAon	  that	  aging	  is	  accompanied	  
by	  a	  progressive	  decline	  in	  rDNA	  stability	  
supports	  this	  view	  (114).	  Strong	  evidence	  for	  
a	  link	  between	  aging	  and	  replicaAve	  stress	  has	  
been	  provided	  by	  ATR-‐deficient	  mice	  (143).	  
RetrotransposiAon	  may	  be	  another	  contributor	  
to	  chronological	  aging	  because	  yeast	  
mutaAons	  that	  reduce	  Ty	  retrotransposiAon	  
also	  reduce	  aging-‐associated	  LOH	  (130).	  

Early	  tumor	  cells	  show	  consAtuAve	  acAvaAon	  
of	  the	  ATMCHK2-‐p53	  checkpoint	  pathway	  and	  
that	  expression	  of	  proto-‐oncogenes,	  such	  as	  
cyclin	  E	  and	  Cdc25,	  generates	  permanent	  
replicaAve	  stress	  that	  may	  be	  the	  common	  
basis	  of	  genome	  instability	  and	  tumorigenesis	  
(15,	  69).	  
Bartkova	  J,	  Horejs¢•ı	  Z,	  Koed	  K,	  Kr°ßamer	  A,	  Tort	  F,	  et	  al.	  2005.	  DNA	  
damage	  response	  as	  a	  candidate	  anA-‐cancer	  barrier	  in	  early	  human	  
tumorigenesis.	  Nature	  434(7035):864–70	  
	  
Gorgoulis	  VG,	  Vassiliou	  LV,	  Karakaidos	  P,	  Zacharatos	  P,	  Kotsinas	  A,	  et	  
al.	  2005.	  AcAvaAon	  of	  theDNA	  
damage	  checkpoint	  and	  genomic	  instability	  in	  human	  precancerous	  
lesions.	  Nature	  434(7035):907–13	  
	  
	  

Therefore,	  dysfuncAon	  of	  proteins	  that	  directly	  
or	  indirectly	  affect	  replicaAon,	  in	  turn	  causing	  
replicaAon	  stress,	  may	  promote	  or	  sAmulate	  
tumorigenesis.	  Understanding	  the	  connecAon	  
between	  tumorigenesis	  and	  replicaAon	  stress	  
and	  instability	  is	  important	  not	  only	  to	  
understand	  the	  molecular	  basis	  of	  cancer	  but	  
to	  evaluate	  the	  potenAal	  of	  using	  replicaAon	  
stress	  and	  checkpoint	  dysfuncAon	  to	  define	  
specific	  targets	  in	  cancer	  therapy.	  
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Is	  gene	  transcripAon	  
influenced	  by	  intermediary	  

metabolism	  products	  
through	  epigeneAc	  

mechanisms?	  

Cellular	  concentraAons	  of	  
metabolites	  can	  fluctuate	  as	  a	  
funcAon	  of	  a	  cell’s	  metabolic	  
	  =>	  the	  ac8vity	  of	  chroma8n	  
regulators	  may	  change	  as	  a	  
funcAon	  of	  metabolic	  status	  	  

and	  so	  transduce	  a	  homeostaAc	  
transcripAonal	  response?	  

In	  vivo	  models	  that	  can	  be	  used	  to	  capture	  
epigeneAc	  changes	  in	  response	  to	  temporarily	  
restricted	  exposure	  to	  ‘epigeneAcally	  toxic’	  
metabolites	  such	  as	  glucose	  are	  urgently	  
needed.	  

How do Epigenetic Changes Arise: Metabolic Stress 
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Metabolic stress and chromatin changes	  



•	  OxidaAve	  damage	  induces	  the	  formaAon	  of	  a	  large	  silencing	  complex(es)	  containing	  DNMTs	  and	  consAtuents	  of	  the	  
polycomb	  complex,	  PRC4,	  including	  SIRT1.	  	  
•	  PRC4	  is	  found	  uniquely	  in	  cancer	  and	  embryonic	  and	  adult	  stem	  cells.	  	  
•	  Key	  consAtuents	  of	  the	  damage-‐induced	  complex	  are	  recruited	  from	  transcripAonally	  poor	  regions	  of	  the	  genome	  to	  
GC-‐rich	  areas,	  including	  promoter	  CpG	  islands.	  	  
•	  Such	  redistribuAon	  causes	  changes	  in	  histone	  marks,	  transcripAon,	  and	  DNA	  methylaAon.	  

E. Heard, 2016 

H2A.Z	  incorporaAon	  also	  occurs	  at	  DSBs	  –	  
via	  p400	  ATPase	  remodeling	  complex	  
wich	  acetylates	  H2A.Z	  and	  H4	  creaAng	  
more	  “open”	  chromaAn	  structure.	  H2A.Z	  
incorporaAon	  also	  enables	  recruitment	  of	  
RNF8	  ubiquiAn	  ligase	  –	  necessary	  to	  
recruit	  repair	  proteins	  (for	  both	  HR	  and	  
NHEJ)	  
In	  yeast	  INO80	  is	  required	  to	  remove	  H2AZ	  
and	  return	  to	  the	  cell	  cycle	  

How do Epigenetic Changes Arise: Oxidatve Stress 
 
  

inducing	  cellular	  oxidaAve	  stress	  by	  hydrogen	  peroxide	  treatment	  recruits	  DNA	  
methyltransferase	  1	  (DNMT1)	  to	  damaged	  chromaAn.	  DNMT1	  becomes	  part	  of	  a	  
complex(es)	  containing	  DNMT3B	  and	  members	  
of	  the	  polycomb	  repressive	  complex	  4.	  Hydrogen	  peroxide	  treatment	  causes	  
relocalizaAon	  of	  these	  proteins	  
from	  non-‐GC-‐rich	  to	  GC-‐rich	  areas.	  Key	  components	  are	  similarly	  enriched	  at	  gene	  
promoters	  in	  an	  in	  vivo	  
coliAs	  model.	  Although	  high-‐expression	  genes	  enriched	  for	  members	  of	  the	  complex	  
have	  histone	  mark	  
and	  nascent	  transcripAon	  changes,	  CpG	  island-‐containing	  low-‐expression	  genes	  gain	  
promoter	  DNA	  methylaAon.	  
Thus,	  oxidaAve	  damage	  induces	  formaAon	  and	  relocalizaAon	  of	  a	  silencing	  complex	  
thatmay	  explain	  
cancer-‐specific	  aberrant	  DNA	  methylaAon	  and	  transcripAonal	  silencing.	  
INTRODUCTION	  
Elevated	  levels	  of	  reacAve	  oxygen	  species	  (ROS)	  arising	  from	  
alteraAons	  in	  cellular	  metabolism	  and	  inflammatory	  responses	  
consAtute	  a	  key	  risk	  state	  for	  increased	  cancer	  suscepAbility	  
(Federico	  et	  al.,	  2007).	  The	  major	  forms	  of	  oxidaAve	  DNA	  
damage	  are	  nonbulky	  lesions	  such	  as	  8-‐oxo-‐20deoxyguanosine	  
(8-‐oxo-‐dG)	  and	  thymine	  glycol	  that	  are	  repaired	  predominantly	  
by	  base	  excision	  repair	  (BER)	  (Reardon	  et	  al.,	  1997).	  
The	  aforemenAoned	  DNA	  repair	  requires	  dynamic	  changes	  
in	  surrounding	  chromaAn,	  including	  changes	  in	  nucleosome	  
posiAoning	  and	  histone	  modificaAons.	  The	  best-‐characterized	  
chromaAn	  alteraAon	  in	  DNA	  

Oxida8ve	  damage	  induces	  forma8on	  and	  relocaliza8on	  of	  a	  silencing	  complex	  that	  may	  explain	  cancer-‐
specific	  aberrant	  DNA	  methyla8on	  and	  transcrip8onal	  silencing	  
	  
A	  potenAal	  role	  for	  increased	  levels	  of	  cellular	  ROS	  that	  accompany	  cancer	  risk	  states	  such	  as	  inflammaAon,	  
in	  the	  formaAon	  of	  cancer-‐specific	  aberrant	  paRerns	  of	  DNA	  methylaAon	  and	  transcripAonal	  silencing?	  
	  
When	  cells	  are	  exposed	  to	  chronic	  oxidaAve	  damage	  that	  is	  present	  during	  all	  phases	  of	  tumorigenesis,	  see	  
induced	  shi}s	  in	  chromosome	  localizaAon	  -‐>	  may	  be	  associated	  with	  losses	  of	  DNA	  methylaAon	  observed	  
in	  cancer	  cells.	  (O’Hagan	  et	  al,	  2012,	  Cancer	  Cell)	  

•	  Tumors	  have	  aberrant	  gains	  and	  losses	  in	  DNA	  methylaAon,	  but	  mechanisms	  establishing	  these	  changes	  are	  not	  well	  
understood.	  	  
•	  OxidaAve	  damage	  induces	  the	  formaAon	  of	  a	  large	  silencing	  complex(es)	  containing	  
DNMTs	  and	  consAtuents	  of	  the	  polycomb	  complex,	  PRC4,	  including	  SIRT1.	  •	  PRC4	  is	  found	  uniquely	  in	  cancer	  and	  
embryonic	  and	  adult	  stem	  cells.	  	  
•	  Key	  consAtuents	  of	  the	  damage-‐induced	  complex	  are	  recruited	  from	  transcripAonally	  
poor	  regions	  of	  the	  genome	  to	  GC-‐rich	  areas,	  including	  promoter	  CpG	  islands.	  	  
•	  Such	  redistribuAon	  causes	  changes	  in	  histone	  marks,	  transcripAon,	  and	  DNA	  methylaAon.	  	  
•	  Speculate	  that	  this	  relocalizaAon	  may	  be	  a	  mechanism	  by	  which	  oxidaAve	  damage	  is	  responsible	  for	  both	  promoter	  
CpG	  island-‐specific	  hypermethylaAon	  and	  global	  hypomethylaAon	  seen	  in	  cancer.	  

Work	  of	  S.	  Baylin	  and	  colleagues:	  Several	  hundred	  
bivalently	  marked	  genes	  (developmental	  regulators)	  switch	  
to	  (>stable?)	  DNA	  methylaAon	  during	  tumor	  progression	  –	  
perhaps	  due	  to	  stress-‐induced	  redistribuAon	  of	  Polycomb	  
proteins?	  Thus	  some	  cells	  become	  too	  stably	  “locked”	  in	  to	  
a	  primiAve	  (stem	  cell	  like?)	  state…	  

Elevated	  levels	  of	  reacAve	  oxygen	  species	  (ROS)	  arising	  from	  
alteraAons	  in	  cellular	  metabolism	  and	  inflammatory	  
responses	  
consAtute	  a	  key	  risk	  state	  for	  increased	  cancer	  suscepAbility	  
(Federico	  et	  al.,	  2007).	  The	  major	  forms	  of	  oxidaAve	  DNA	  
damage	  are	  nonbulky	  lesions	  such	  as	  8-‐
oxo-‐20deoxyguanosine	  
(8-‐oxo-‐dG)	  and	  thymine	  glycol	  that	  are	  repaired	  
predominantly	  
by	  base	  excision	  repair	  (BER)	  (Reardon	  et	  al.,	  1997).	  
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